Injector‑coupled thermoacoustic instabilities in an experimental LOX‑methane rocket combustor during start‑up by Klein, Sebastian et al.
Vol.:(0123456789) 
CEAS Space Journal (2020) 12:267–279 
https://doi.org/10.1007/s12567-019-00294-4
ORIGINAL PAPER
Injector‑coupled thermoacoustic instabilities in an experimental 
LOX‑methane rocket combustor during start‑up
Sebastian Klein1  · Michael Börner1 · Justin S. Hardi1 · Dmitry Suslov1 · Michael Oschwald1
Received: 4 June 2019 / Revised: 2 December 2019 / Accepted: 12 December 2019 / Published online: 8 January 2020 
© The Author(s) 2020
Abstract
This paper reports the investigation of acoustic combustion instability experienced during repetitive ignition testing of a 
sub-scale LOX-methane rocket thrust chamber. The occurrence of resonant coupling between the LOX injectors and the 
combustion chamber acoustic modes was assessed from the experimental data recorded during the highly transient phase of 
operation from ignition up to around 2 s. A method was developed to model the evolution of acoustic properties in both the 
combustion chamber and the injectors during the transient period. For the LOX injectors, the Woods equation was used to 
estimate the speed of sound in the two-phase flow. The models were used to identify the corresponding mode frequencies 
in the unsteady pressure measurements, and show that the high-amplitude instability occurred when they intersected. Very 
close coupling of less than 3% frequency difference is required for high amplitudes to be observed. However, the condition 
was necessary but not sufficient for high amplitudes to be reached.
Keywords High-frequency instability · Combustion stability · LOX/CH4 · Methane
List of symbols
X   Void fraction
  density
A  Cross-section area
c  Speed of sound
f  Frequency
P  Static pressure
p′  Dynamic pressure
T  Temperature
tb  Begin of phase transition
te  End of phase transition
⋅F  Fuel
⋅g  Gaseous phase
⋅l  Liquid phase
⋅O  Oxygen
⋅CC  Combustion chamber
⋅FM  Flow meter
⋅mlf  Two phase
⋅t  Throttle
1 Introduction
Combustion instability remains an important issue in liquid 
rocket engine development programs. The thermoacoustic 
kind, involving the coupling of unsteady heat release and 
acoustic modes of the combustion chamber volume, can 
damage hardware within an extremely short time period [1]. 
Recent examples include instabilities which arose in test-
ing of the liquid oxygen (LOX)-methane powered ROMEO 
thrust chamber [2] in Germany, and the LOX-hydrogen fed 
LE-X thrust chamber in Japan [3].
In the case of the LE-X thrust chamber, coupling of 
acoustic resonance modes of the LOX injectors with those 
of the combustion chamber volume was identified as the 
cause of the instability [3]. This type of driving mechanism 
for instability, referred to as ‘injector coupling’, has been 
reported in the literature for both cryogenic engines [4, 5] 
and sub-scale experiments [6–8].
A recent case of injector-coupled instability in a sub-
scale LOX-hydrogen combustor is well documented by 
Gröning et al. [9–11]. This experimental combustor has a 
chamber diameter of 80 mm and 42 shear coaxial injection 
elements, and experienced high amplitudes of the first tan-
gential (1T) acoustic mode of the chamber volume when 
its frequency coincided with that of the LOX-post sec-
ond longitudinal (2L) mode. The combined application of 
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dynamic pressure and optical probe diagnostics allowed 
the frequencies of these two modes to be identified and 
tracked as they evolved with varying operating conditions 
and coupled for particular stationary load points.
The injector-coupling mechanism does not appear to 
have been explored for the start-up phase of rocket engines 
in the open literature—perhaps due to the challenge of 
defining the thermodynamic conditions within chamber 
and injector volumes during transients covering such wide 
ranges of temperature and pressure. Cases of combustion 
instability are reported to have occurred between igni-
tion and steady-state operation, for example during the 
development of the HM7 thrust chamber [12]. Coupling 
with the feed system was blamed during periods of low 
injection pressure drop, but without further definition of 
the components involved or their dimensions. Combus-
tion instability followed an anomalous ignition sequence 
during start-up of the upper stage engine in Ariane flight 
510 [13]. Instabilities in the Morpheus LOX-methane 
engine during start-up were associated with two-phase 
flow effects in the LOX injectors [14]. In none of these 
cases, the role of injector acoustics was clarified.
Combustion instabilities were recently experienced dur-
ing the start-up of a sub-scale, multi-element combustor 
with LOX-methane. In several tests, thermoacoustic insta-
bility arose after ignition and grew to high amplitudes. 
This work describes how the injector-coupling mecha-
nism as presented by Gröning et al. [9, 10] can explain 
the observed instability.
Following Gröning, simplified models of combustion 
chamber and LOX injector acoustic modes are used to 
identify and trace the transient frequencies of modes in 
dynamic pressure data from the experiment. In this work, 
two-phase flow effects during start-up are additionally 
accounted for. Specifically, LOX injector modes are prop-
erly predicted only after the strong influence of two-phase 
flow on speed of sound is included in the model. This 
allows the coincidence of acoustic modes to be consoli-
dated with the occurrence of instability in the combustor.
In this paper, the experimental combustor and the expe-
rienced cases of thermoacoustic instability are introduced. 
Then, a model for the two-phase flow condition within the 
LOX injectors is established and its sensitivity to assumed 
parameters is tested. The model is used to estimate the 
injector acoustic mode frequencies during the start-up 
transient. Transient combustion chamber mode frequencies 
are also estimated from measurements of propellant inlet 
conditions. Both are compared to the evolving spectrum 
of dynamic pressure in the combustion chamber and asso-
ciated with their measured counterpart. Finally, the rela-
tionship between unstable mode amplitude and frequency 
matching of injector and chamber modes is established.
2  Experimental method
2.1  Combustor model ‘A’ (BKA)
This work concerns the stability behavior of the sub-scale 
research combustor model ‘A’ (abbr. BKA), operated at the 
European Research and Technology Test Bench P8 at the 
DLR Institute of Space Propulsion near Lampoldshausen, 
Germany. A photograph of BKA during a test is shown in 
Fig. 1. The cylindrical, segmented combustion chamber has 
an inner diameter of 50 mm and is water-cooled. A dimen-
sioned sketch of BKA is shown in Fig. 2 indicating the posi-
tions of the sensors relevant for this study. The chamber 
is equipped with static and dynamic pressure transducers 
as well as thermocouples. The dynamic pressure sensor is 
integrated radially with a recess of 10 mm with respect to the 
inner combustion chamber wall and a port of 3 mm diameter.
The dynamic pressure sensors were recorded at a sam-
pling frequency of 100 kHz, whereas the thermocouples 
and static pressure sensors were recorded at 1 kHz. A band-
pass filter in a range from 400 Hz to 50 kHz is used on the 
dynamic pressure sensors.
The injector head contains 15 coaxial shear injector ele-
ments and a central torch igniter. The LOX posts contain 
an orifice located 2.5 mm downstream from the inlet. The 
manifolds of the injector head are equipped with static and 
dynamic pressure transducers and thermocouples which 
are calibrated individually. The tip of the thermocouples 
end within the manifold volumes, whereas the static and 
dynamic pressure transducers are connected via a narrow 
tube from the manifold side wall. A laser ignition system 
is mounted radially near the injection plane to realize igni-
tion. It generates a sequence of 20 individual laser pulses 
with individual pulse lengths of 2–3 ns and pulse energies 
of about 33 mJ at a wavelength of 1064 nm. The pulses are 
focused into the shear layer of one coaxial injector element 
Fig. 1  Sub-scale research combustor model ‘A’ (“BKA”) during oper-
ation at the European Research and Technology Test Bench P8 at the 
DLR Institute of Space Propulsion
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to guarantee ignition during the transient injection phase. 
Further details on the combustor and the laser ignition sys-
tem can be found in Ref. [15].
2.2  Test procedure
The combustor was operated with the propellant combina-
tion LOX-methane at varying ratios of oxidiser to fuel mass 
flow rate (ROF). The ignition tests had a duration of about 
2 s of combustion time.
For cases A and B, the laser ignition system was activated 
before the propellant injection to ensure the earliest time of 
ignition possible and to reduce the risk of over-pressure lev-
els by ignition of accumulated propellants in the combustion 
chamber. In case C, the laser igniter was activated at t = 1 s 
to investigate the influence of a longer fuel and oxygen pre-
injection duration on the ignition behavior.
The injection rates of the propellants were then increased 
during the ignition phase, resulting in the pressure evolu-
tion profiles shown in Fig. 3 for pressure in the combustion 
chamber ( Pcc ), the LOX manifold ( PO ), and the fuel (meth-
ane) manifold ( PF).
2.3  Combustion instability
Three different cases were identified with respect to combus-
tion stability during the ignition process:
1. Case A is stable combustion with no apparent excitation 
of any acoustic modes.
2. Case B is characterized by combustion instability lead-
ing to extinction of the combustion
3. Case C tests contain periods of both stable and unstable 
combustion.
The cases are characterized by dynamic pressure measure-
ments within the combustion chamber ( p′
cc
 ) in the following 
paragraphs. Spectrograms of p′
cc
 are presented to illustrate 
the evolution of acoustic modes over the course of the igni-
tion test sequence.
Case A is characterized by stable combustion. A spec-
trogram and the raw p′
cc
 signal are shown in Fig. 4. A single 
pressure peak corresponding to the ignition event can be 
seen at tign = 0.19 s, which corresponds to the first instance 
of methane arrival in the combustion chamber shortly after 
PF begins to rise. For the duration of the test up to extinction 
Fig. 2  Combustor configuration 
with instrumentation
Fig. 3  Pressure traces for an ignition test without instabilities
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of combustion at tshutdown = 2.2 s, a broadband excitement 
is visible around f = 11 ± 2 kHz, which corresponds to the 
combustion chamber 1T mode. The relative peak rms pres-
sure amplitude ( p�
rms
∕Pcc ) is 15.8%, where p′rms is calculated 
from p′
cc
 after band-pass filtering of 400 Hz to 50 kHz. From 
around 1.1 s, there are low-frequency oscillations at around 
500 Hz.
Case B shows strong instabilities during combustion. 
The spectrogram and raw signal of p′
cc
 in Fig. 5 show 
multiple ignition peaks from 0.18 s corresponding to the 
laser pulse instances. These were ignition events which 
failed to result in sustained combustion. Successful igni-
tion was achieved at tign = 0.31  s, after which the laser 
pulses have no further influence on chamber pressure and 
no more peaks appear in p′
cc
 . Immediately following igni-
tion, strong lines are visible in the spectrogram at regular 
multiples of 2–2.5 kHz. These will be identified in Sect. 4 
as the longitudinal modes of the combustion chamber. 
From around 0.9 s, additional lines appear at multiples of 
830 Hz, and will be identified as modes of the LOX posts. 
Below the spectrogram, the peak-to-peak amplitude of p′
cc
 
is seen to increase up to 25 bar before combustion ceases 




In case C, periods of unstable and stable combustion are 
separated by extinction and a re-ignition event. A pressure 
peak is recorded after t = 0.22 s. The first ignition event is 
labeled in Fig. 6 at tign = 0.3  s and was initiated by an 
external propane burner downstream of the nozzle. This 
ignition event was unintended. A very short time period 
of unstable combustion is observed. After this, the com-
bustion is stable until 0.52 s, when the chamber longitudi-
nal modes appear. Combustion is unstable, reaching a 
maximum of p�
rms∕Pcc
> 100 %, and the spectral content 
resembles that of the unstable Case B. Extinction occurs 
at 0.95 s, and then at 1.12 s, the combustor is re-ignited by 
a laser spark. Re-ignition is accompanied by a 0.05-s 
period of unstable combustion with p�
rms
∕Pcc > 200 %. 
Then, the combustor operates stably until the end of the 
test run at tshutdown = 2.2 s, during which time the spectral 
content resembles that of the stable Case A.
Fig. 4  Case A: Spectrogram of dynamic pressure sensor signal 
recorded in the combustion chamber ( p′
cc
 ) during a hot fire test with 
stable combustion (top). The raw pressure signal ( p′
cc
 ) (middle) and 
the mass flows (bottom)
Fig. 5  Case B: Spectrogram of p′
cc
 for an unstable test. Ignition is 
achieved at tign = 0.18 s (top). The raw pressure signal ( p′cc ) (middle) 
and the mass flows (bottom)
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The differences in stability behavior of Cases A, B, and 
C could not be associated consistently with injection tem-
peratures or pressures. Measured temperatures in the fuel 
( TF ) and oxygen ( TO ) manifolds for all three cases are shown 
in Fig. 7. A slight rise of the fuel temperature TF in case B 
is the only deviation in temperature. Injection pressures PF 
and PO are plotted in Fig. 8. Here, it can be seen that a slight 
oxygen lead was realized, since PO rises rapidly followed by 
PF . In terms of pressure evolution for individual cases, PO 
differs in Case A from the other two cases, and PF differs in 
Case C from the other two.
Otherwise, there do not appear to be any features in the 
pressure and temperature traces which coincide with signifi-
cant events in p′
cc
.
The evolution of ROF is shown in Fig. 9, using oxygen 
mass flow rate calculated as described later in Sect. 3.1. 
In all cases, its value peaks before t = 0.5 s due to oxygen 
lead. The highest ROF was reached in Case A, which had 
immediate ignition and stable combustion. This observation 
coincides with test observations from Melcher et al. [14], 
where an effective LOX lead and higher mixture ratio during 
start-up improved combustion stability behavior. However, 
consistency between ROF and the stability characteristics 
of cases B and C is not present since case C is stable before 
t = 0.5 s while case B is unstable with a higher ROF. There-
fore, the stability behavior of BKA appears to be too com-
plex to explain by injection parameters alone.
3  Acoustic model
The goal of this work is to determine if acoustic coupling of 
the combustion chamber with the LOX injectors can explain 
the stability behavior in BKA. To achieve this, accurate esti-
mates of the acoustic eigenmodes of these components are 
Fig. 6  Case C: Spectrogram of p′
cc
 for a test with stable and unsta-
ble periods (top). The raw pressure signal ( p′
cc
 ) (middle) and the mass 
flows (bottom)
Fig. 7  Evolution of the temperature in the fuel ( TF ) and oxygen mani-
folds ( TO ) for all three cases
Fig. 8  Evolution of the pressure in the fuel ( PF ) and oxygen mani-
folds ( PO ) for all three cases
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required, so that they can be used to identify corresponding 
features in the experimental data.
3.1  Combustion chamber
To calculate the speed of sound in the combustion chamber, 
the software packages CEA [16] and Refprop [17] are used. 
In the first step, the enthalpies HO and HF of both fluids are 
obtained from Refprop. Since the enthalpy of the fluids just 
before injection is needed, the temperatures are taken from 
the injection manifolds ( TF , TO ) and the pressure is taken 
from the combustion chamber ( Pcc ). With these enthalpies 
and the additionally required input values of ROF, the cross-
sectional area of the combustion chamber Acc and nozzle 
throat At , temperatures TO and TF , and the pressure Pcc , the 
speed of sound in the combustion chamber ccc is calculated 
using CEA.
The chamber eigenfrequencies ( fcc(n) ) are then deter-
mined using the Helmholtz solution to the wave equation in 
a closed–closed cylinder. The result is, therefore, based on 
the following assumptions and simplifications:
• The injection mass flow rate of oxygen ( ṁO,inj ) is calcu-
lated via the manifold pressure PO (see below).
• There is no change in propellant temperature from the 
manifold to the point of injection.
• The conversion of propellants to reaction products is 
instantaneous.
• The reaction products are at chemical equilibrium 
throughout the chamber.
Of the model parameters, ROF has the greatest influence on 
ccc and, therefore, on fcc . The time-resolved ROF is defined 
by the mass flow rates at the injector, which cannot be 
measured directly. The measurement of oxygen mass flow 
rate in the test bench supply system ( ṁO,FM ) is inaccurate 
during start-up transients due to the reaction time of the 
turbine flow meter and two-phase flow effects. For the pur-
poses of this work, the instantaneous oxygen mass flow rate 
( ṁO,inj ) was estimated using the fluid properties measured in 
the injection manifold according to:
with
Equation (1) can be derived using the Bernoulli equation. 
The mass flow is calculated using the pressure drop between 
the manifold pressure PO and the pressure in the combus-
tion chamber Pcc . It is assumed that the turbine is correct 
in nearly stationary conditions ( t = 2 s); therefore, the flow 
coefficient is represented by the ratio ṁO,FM(2s)∕ṁO,inj(2s) . 
The density O is calculated by a linear approach using the 
void fraction  and the density at both sides of the phase 
boundary g (density, gaseous) and l (density, liquid) at PO.
The resulting ṁO,inj from Eq. (1) and the raw ṁO,FM signal 
is shown in Fig. 10 for the example of Case B. By compar-
ing with Fig. 8, it can be seen that PO rises before the mass 
flow measured at the flow meter ṁO,FM . Furthermore, ṁO,FM 
is seen to overshoot ṁO,inj at t = 0.6 s due to the dynamical 
behavior of the fluid at the flow meter, located many meters 
upstream of the combustor. After t = 1.8 s, the mass flow 
approaches steady conditions where ṁO,FM is taken to be 
accurate. Thus, ṁO,inj is considered to be more accurate to 
represent the instantaneous injected oxygen mass flow rate 







(2)O = Xg + (1 − X)l.
Fig. 9  Evolution of the mixture ratio (ROF) for all three cases





Fig. 10  Comparison of flow meter-measured oxygen mass flow rate 
ṁO,FM and the estimated instantaneous injection mass flow rate ṁO,inj
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The measured mass flow rate of methane ṁF,FM , also 
shown in Fig. 10, does not require correction. It is also meas-
ured with a turbine flow meter but which is installed close to 
the combustor and which has a negligible reaction delay. In 
particular, the methane is in gaseous state, so the measure-
ment is not affected by two-phase flow effects.
3.2  LOX injectors
To estimate the acoustic modes of the LOX injectors, the 
evolution of the speed of sound inside the LOX posts must 
be described. The start-up transient is characterized by 
rapidly increasing pressure and decreasing temperature. 
Therefore, it is expected that the injectors are filled initially 
with gaseous O2 with a later transition to full-flowing LOX 
conditions.
The evolution of speed of sound obtained from Refprop 
( cO(refp) ) using TO and PO is shown for Case B in Fig. 11. 
After ignition at tign = 0.31 s, cO(refp) decreases due to the 
chilldown of the LOX manifold. From tign up to around 1.4 s, 
Pcc is around 4.5 bar. The rapid change at t = 1.4 s can be 
explained by crossing the saturation line. The values directly 
before and after t = 1.4 s correspond to the speed of sound of 
the gaseous ( cg ) and liquid ( cl ) phases of O2 at p = 4.5 bar, 
respectively.
However, the value of cO(refp) is not believed to accurately 
describe the phase-transition process throughout the injec-
tor head. The values of TO and PO are only measured at one 
point in the LOX manifold, and their distributions within 
the volume are unknown. The injector head is supplied with 
LOX starting from the time which the run valve opens, at 
which time the structure is still warm. Since TO decreases 
from an initial value of 230 K, the wall temperature in the 
manifold will follow this trend with some time lag. This 
leads to a region of warmer oxygen near the wall, which will 
be mixed throughout the manifold volume by the complex 
and highly turbulent flow field. The complex flow field will 
also result in local pressure values which differ from the 
measured value of PO at the wall. Together, the continuous 
heating and mixing in the manifold is believed to result in a 
longer transition period of two-phase flow entering the LOX 
posts than is conveyed by the plot in Fig. 11. This effect was 
visualized and verified by some of the authors of this paper 
in [18].
3.2.1  Speed of sound in bubbly liquids
In proximity to the saturation line, Eq. (3) formulated by 
Wood [19] and experimentally validated by Wilson et al. 
[20] can be used to estimate the speed of sound in the pre-
sumably two-phase O2 flow. Input variables are the gaseous 
and liquid densities ( g , l ), speed of sound ( cg , cl ), and void 
fraction X = V̇g∕V̇m , where V̇g is the volume flow of the gas 
phase and V̇m is the total volume flow. The values of  and 
c are obtained from Refprop using PO and TO . It is assumed 
that the pressure in the injector is closer to PO than Pcc:
For appropriate values of cg and cl , we refer again to cO(refp) 
in Fig. 11, where cg and cl are well defined near the begin-
ning and end of the test, respectively. For cg , cO(tign) is used, 
because heat transfer between the LOX and methane flows 
through the LOX-post may influence TO along the injector. 
For cl , the maximum value of cO is used, because cO(refp) is 




































Fig. 11  Case B: evolution of the speed of sound of oxygen from Ref-
prop cO(refp) . The start of the ignition process is at tlas = 0.18  s, and 
ignition is at tign = 0.31 s







Fig. 12  Two-phase speed of sound cmlf over the void fraction X  , for 
O2 at p = 13 bar with cl = 599 m/s, cg = 189 m/s, l = 995 kg/m3 , 
and g = 50 kg/m3
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The resulting cmlf is displayed over X  in Fig. 12, illustrating 
the strong influence of two-phase flow on c. The minimum cmlf 
occurs for X = 0.5 . It is a factor of 6 lower then the cl and a 
factor of 2 lower than cg . Furthermore, cmlf is nearly constant 
in the range X = 0.1 − 0.9 , where the maximum difference is 
about cmlf = 57 m/s.
3.2.2  Evolution of void fraction
The conditions in the LOX injector itself are unknown, and so, 
the evolution of X(t) must be modeled. A sinusoidal profile of 
X(t) was assumed between beginning ( tb ) and end times ( te ) of 
the model. The begin time tb was chosen to be the start of the 
oxygen injection (see Fig. 10). The influence of the end time 
te is explained in Sect.  3.2.3. A sine was chosen, because it 
is a continuously differentiable function. Before and after the 
transition limits, constant values of X(t) are assumed, as sum-
marized in Table 1.
The evolution of density O(t) is calculated with Eq. (2), 
taking l(t) and g(t) from Refprop along the phase boundary 
using PO . These traces are plotted in Fig. 13 for Case B.
The evolution of X(t) is shown for Case B in Fig. 14. The 
transient interval begins at tb with O2 flow into the LOX mani-
fold and ends t = 1.5 s later. The start and end values are 
X(tb) = 95% and X(te) = 40% . These values were selected, 
because they showed the best match between the model and 
experimental frequencies for Case B. Because of the charac-
teristic of the Wood equation (Fig. 12), these values have no 
great influence on cmlf in the range 5% < X < 95%.
The speed of sound in the two-phase area cmlf (t) can now be 
calculated using Eq. (3). Due to the limited amount of sensors 
in the injector head, the unknown wall temperature, and the 
highly complex flow, it is not possible to estimate the flow and 
acoustic behavior at the inlet of the injectors. Therefore, the 
injector is modeled as a pipe open at both ends. This choice of 
boundary conditions is also justified by the success of Gröning 
et al. [9] in its use to identify LOX-post modes in fully flowing 
injectors of similar scale. With the length of the LOX injector 
lLOX,inj = 70 mm, the natural frequencies are given by Eq. (4), 







3.2.3  Sensitivity analysis
Due to the uncertainty in the four parameters defining the 
profile of X(te) , a sensitivity analysis was performed. A good 
robustness of the model is desirable as the conditions in the 
LOX injector are unknown.
The LOX frequency profiles f(t) for a constant tb , X(tb) , 
X(te) , and several values of te are shown in Fig. 15. The 
start time of the transition tb is set when the LOX injection 
begins, around 0.2 s. The time interval of interest is during 
the appearance of the f = n ⋅ 800 Hz longitudinal modes, in 
this example from t = 0.8 s to t = 1 s. The minimum range 
of frequency is f  around 100 Hz at t = 0.8 s. Thereafter, 
f  decreases to around 50 Hz at t = 1 s. Thus, the choice of 
Table 1  Model logic for the 


















Fig. 13  Case B: Density of the liquid oxygen (red) and the gaseous 
oxygen (blue), and two-phase density using Eq. (2) (black)
Fig. 14  Case B: void fraction X(t) , assuming the beginning of phase 
transition tb = 0.18 s (begin of oxygen injection, see Fig. 10) and end 
of phase transition te = 1.68 s, X(tb) = 95%,X(te) = 40%
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te , or the duration of the transition profile influences the fre-
quencies approximately linearly, in this case most strongly in 
the period 0.3–1.2 s. This is, therefore, the parameter which 
must be adjusted most carefully to fit the experimental data.
The influence of varying X(tb) and X(te) is shown in 
Fig. 16. The model is sensitive for X(tb) values approach-
ing 0 and X(te) approaching 1, where f  reaches around 
3500 Hz. Fortunately, the model is least sensitive to the 
choice of start and end void fractions in the area of interest 
from t = 0.8 s to t = 1 s. In this period, f  ranges only from 
around 230 to 90 Hz. This is largely owing to the course of 
the Wood function (Eq. 3, Fig. 12), which is relatively flat 
for 0.1 < X < 0.9 ( ±75 Hz), but has high gradients close 
to single phase limits.
4  Comparison with experiments
The acoustic mode frequencies estimated with the models 
will now be compared to the experimental data to identify 
the mode frequencies which appear in the spectrograms.
Combustion chamber modes will first be compared with 
the spectrograms. The calculation of modes with the model 
starts with the injection of oxygen. This is at tb = 0.18 s 
for all three cases. The transient phase ends 1.5 s later at 
te = 1.68 s, defined by the time after which the value of 
cO from REFPROP passes the saturation line (Fig. 11). 
The void fraction is set to X(t = tb) = 0.95 and drops to 
X(t = te) = 0.4.
The calculated 1T mode is overlaid on the measured spec-
trogram of Case A in Fig. 17. The frequency does not fit to 
any feature in the spectrum, but lies closest to a broad peak 
with low spectral power density around 11 kHz. Being the 
closest calculated mode, and appears to follow the progres-
sion of the mode, the broad peak is presumed to be the 1T 
mode of the chamber. The 1T mode is thus excited by the 
broadband noise in the chamber during stable operation.
Figure  18 shows the same spectrogram as in Fig.  5 
including the calculated L modes of the chamber. These 
frequencies coincide well with the strongest lines of the 
spectrogram. Some deviation becomes visible near the end 
of the combustion phase, especially at the fourth and higher 
overtones ( n > 3 ), where the cumulative error increases. 
However, the good match in frequencies and the transient 
course of the mode frequencies allow these features of the 
spectrogram to be identified as the chamber L modes with 
confidence.
In Fig. 19, the calculated LOX-post modes are overlaid 
on the Case B spectrogram. These frequencies coincide well 
with the first seven suspected LOX-modes in the spectro-
gram. Again, the deviation becomes evident for the higher 
Fig. 15  Case B: Sensitivity analysis for various te values with 
X(tb) = 95% , X(te) = 40%
Fig. 16  Case B: Sensitivity analysis for various X(tb) and X(te) with 
tb = 0.18 s and te = 1.68 s. The plateau in the area of t = 0.8 − 1 s is 
where the instability grows
Fig. 17  Case A: Calculated 1T mode of the combustion chamber 
using the hot-gas model
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order modes ( n > 7 ) where small errors are multiplied by 
the mode order. Assessing the frequency matching of higher 
order modes thus represents a good accuracy benchmark 
for the model. However, the transient frequency evolution 
is considered just as important for the mode identification, 
which is captured well here also for the higher order modes.
The calculated L modes in Case C, shown in Fig. 20, 
match extremely well with the strong features in the experi-
mental spectrogram. This applies for nearly the entire period 
of unstable combustion for the period t = 0.5 − 1 s. During 
stable combustion from ignition up to 0.5 s, only the first 
mode of the combustion chamber (1L) can be observed in 
the spectrogram.
The calculated LOX-modes for Case C are shown in 
Fig. 21. A good match is achieved for the first seven modes 
during unstable combustion before the extinction of the 
flame at t = 0.95 s. The calculated mode frequencies tend to 
overestimate those in the spectrogram slightly, especially at 
the beginning of unstable combustion. Following re-ignition, 
the calculated LOX-modes match the first four modes in the 
spectrogram.
The 1T mode of the combustion chamber in Case C does 
not match well with the experimental data (Fig. 22). As in 
case A, the estimated 1T frequency best matches the broad 
peak around 10–11 kHz most easily discerned during sta-
ble combustion ( t > 1.2 s). The initial increase of the mode 
frequency following ignition appears to be captured by the 
model, allowing the mode to be identified.
5  Acoustic mode coupling
After the frequencies in the spectrograms have been asso-
ciated with resonance modes of the combustion chamber 
or the LOX injectors, a connection between the rise of the 
instability amplitude and a matching of the LOX-post and 
the combustion chamber modes can be assessed.
Fig. 18  Case B: Calculated chamber longitudinal modes using the 
hot-gas model
Fig. 19  Case B: Calculated LOX-post modes using the presented 
two-phase model
Fig. 20  Case C: Calculated chamber longitudinal modes using the 
hot-gas model
Fig. 21  Case C: Calculated LOX-post modes using the presented 
two-phase model
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For this purpose, the frequencies are measured from the 
p′
cc
 spectrograms. However, the LOX-post and chamber 
modes cannot be easily discerned from one another where 
they closely intersect. As seen in Figs. 18, 19, 20 and 21, 
the LOX-post modes appear three times as often as the 
chamber L modes. Thus, a multiple of the first mode can be 
used as a surrogate for the overtones. The first mode is also 
well defined, isolated, and thus easiest to measure from the 
spectrum. The frequency difference of coupled LOX and 
chamber modes is calculated as f = fcc,n − 3 ⋅ n ⋅ fLOX,1 with 
n ∈ ℕ.
The scheme for measuring the mode frequencies and 
amplitudes from the p′
cc
 signals is shown in Fig.  23. It 
shows the combustion chamber static pressure trace pcc , the 
dynamic pressure signal p′
cc
 , and its gliding rms value prms 
with a time window of 121 data points (1.21 ms). An FFT is 
calculated for time steps of 0.001 s using a window of ±0.1 s. 
The center of this window is marked in Fig. 23 at t = 0.6 s 
with tFFT . The window center runs with t = 0.001 s from 
t = 0.5 to t = 1 s.
To identify fcc,1 , the maximum amplitude of the FFT in 
the range 2000 < f < 2800 Hz is identified. In the same way, 
fLOX,1 is identified in the range 400 < f < 1200 Hz. The rms 
value of dynamic chamber pressure at the corresponding 
time prms(tfft) , normalized by pcc , is taken to indicate the 
instability amplitude.
The dependence of amplitude on frequency difference 
from 11 tests (7 stable and 4 unstable), including Cases A, B, 
and C, is presented in Fig. 24, similar to Gröning et al. [9]. 
The stable runs show no significant increase in amplitude 
over a very wide range of f  . Referring to the spectrogram 
of the stable Case A in Fig. 17, and the stable period after 
t = 1.2 s in Fig. 22 of Case C, the very low amplitudes do 
not allow positive identification of the chamber or injector 
modes, and so the spread of values from −1200 < 𝛥f < 500 
below prms∕Pcc of around 0.2 simply represents noise from 
false detections. They do not imply that coupling takes place 
in stable runs.
High amplitudes are reached in unstable runs for f → 0 . 
This can be interpreted as a coupling of the LOX-post 3L 
mode and the chamber 1L mode. A frequency difference of 
𝛥f < 3% (FWHM) appears to be necessary for high ampli-
tudes, which is in agreement with the observations of Grön-
ing et al. [9]
Lower amplitude instabilities are also visible over a 
wide f  range in unstable runs, with a baseline around 
prms∕Pcc = 0.3 . Furthermore, the large range of ampli-
tudes observed for f  around 0 in unstable cases leads to 
the conclusion that frequency matching was a necessary 
Fig. 22  Case C: Calculated chamber 1T mode using the hot-gas 
model
Fig. 23  Scheme of the frequency and amplitude determination from 
dynamic pressure signals, shown here for Case B
Fig. 24  Dynamic pressure amplitude dependence on frequency differ-
ence f  between chamber 1L and LOX-post 3L modes
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condition for high-amplitude instability in BKA, but not 
a sufficient one.
6  Conclusions
Ignition testing with LOX and methane has been per-
formed in an experimental, multi-injector rocket combus-
tor at the test bench P8 at DLR Lampoldshausen. The tar-
get test duration of 2 s is sufficient to confirm ignition and 
combustion for a portion of the start-up phase of a typi-
cal liquid rocket engine. In some of the tests, combustion 
instabilities of the first longitudinal mode of the chamber 
led to premature extinction of the flame. The current work 
shows how acoustic coupling of the chamber and injector 
was determined to play a role in the observed instabilities.
Three different test runs were presented in detail, repre-
senting stable, unstable, and partially unstable tests. Two 
dominant frequency systems were identified in unsteady 
pressure signals as belonging to the longitudinal eigen-
modes of the combustion chamber and the LOX injec-
tor. The chamber eigenmodes could be identified through 
estimation of the evolution of acoustic properties over the 
course of the ignition transient. Estimation of the injector 
modes required the influence of two-phase flow on the 
speed of sound during the transient period to be taken into 
account. For this purpose, a model was developed based 
on the Woods equation with a time-dependent void frac-
tion. A set of boundary conditions for the model satisfying 
all observed experimental cases could be found, and the 
model was demonstrated to be robust.
Following identification of the modes using the acoustic 
models, the frequency difference between the first cham-
ber mode and the third LOX injector mode was correlated 
with the amplitude of the instability. Frequency difference 
of less than 3% between coupling modes was necessary 
for high-amplitude instabilities. However, peak amplitude 
values were not always reached when modes were coupled, 
so the coupling condition is necessary but not sufficient to 
cause the observed instabilities.
It has been shown that injector-coupled instabilities 
can occur during the ignition and start-up transient of 
thrust chambers, in addition to the main phases of opera-
tion as demonstrated, for example, by Gröning et al. [9]. 
Furthermore, two-phase flow effects must be taken into 
account to correctly capture injector acoustics. Since 
both two-phase flow and the intersection of chamber 
and injector eigenmodes can scarcely be avoided during 
engine start-up, the described mechanism for combustion 
instability is believed to be relevant for the designers and 
operators of engines of all scales and cryogenic propellant 
combinations.
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